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Abstract 
The primary purpose of this study was to design a set of algorithm, which can compute the optimal trajectory (OT) 
for 3D human single-hand suspension motion. To achieve this goal, the study first established a 15-segment human 
body model (HBM). Then based on Lagrange-Euler equations (LEE) of motion and seven types of homogeneous 
transformation matrices (CH-7T) proposed by Chiu [1] , the study defined primary human segments as a dynamic 
system with 38 degrees of freedom (DoF). Finally, the Open-loop Linear Quadratic Controller (OLLQC) was applied to 
transform the dynamic system (DS) into a linear state of space. With established boundary conditions (BC) for 
positions and velocities, the set of algorithm, which complied with the principle of minimum energy expenditure 
(MEE), was adopted to compute the OT for those primary segments involved in single-hand suspension motion. To 
solidify the practicability of the algorithm, the subject’s segment lengths were measured, and a computer was used to 
simulate the motion of suspending his right hand. The simulation results showed that the algorithm in the designed DS 
is capable of computing the OT, velocity, and moment. The significance of this study lies in its wide application: (1) the 
DS designed for single-hand suspension can be used to simulate the dynamics for the gymnastics motion on flying 
rings and horizontal bar, rock climbing, and the movement of an astronaut in a spacecraft ; (2) this DS can be 
transformed into a control system (CS), which corresponds to the principle of MEE and can compute the OT for body 
segments. 
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Introduction 
In recent years, many studies have focused on the movement 
of robotic arms. The robotic arm moves on a planned route to 
achieve a goal. The purpose of planning the route for a robotic 
arm is to obtain its OT and to fully develop its efficiency. 
Research data on the OT for a robotic arm include the initial 
position, the final position, velocity, acceleration, and the route. 
To find the OT, certain level of control over the route must be 
exerted. It is the same case with human motions. In human 
motions, only a quarter of the energy produced by muscles is 
really working, and the remaining three-fourths vaporize as 
heat. To make the repetitive motions of a task persist for a 
longer time, it is necessary to consume MEE [2]. Following 
the OT can reduce mechanical energy expenditure, thus 
extending working or exercising time and avoiding muscle 
fatigue. Therefore, the OT control is an issue worth 
researching.                                      
In the past, some researchers proposed various kinds of DS 
for specific human activities. For example, Ramey and Yang [3] 
developed a DS for 10 human body segments, which was 
applied to sports and dance. Aleshinsky and Zatsiorsky [4] 
designed a 3D DS based on a 15-segment model. This system 
was used to simulate the dynamics of walking and running. 
Adopting the 15-segment model proposed by Hanavan, Huston 
and Passerello [5] applied Kane equations to design a dynamic 
system with 34 DoF. Their system was used to simulate simple  
 
* Corresponding author: Ching-Hua Chiu 
Tel: +886-4-24369755  
Fax: +886-4-24369731 
E-mail: chungoodman@yahoo.com.tw 
jumping motions. In addition to the above DSs for human 
activities, there are DSs for specific human segments, such as 
the DS for arms [6] and the DS for legs [7-8]. To sum up, most 
previous studies focused on the design of a DS for running, 
jumping, or walking, or involved the design of DS for arms or 
legs. Few researchers were devoted to the design of a DS for 
single-hand suspension motion.   
As a matter of fact, designing a DS for single-hand 
suspension is worth our effort. For one thing, this system is 
very essential in analyzing such motions of gymnastics as 
flying rings, horizontal bar gymnastics, and rock climbing. For 
another, this system can be applied to movements of an 
astronaut in a spacecraft, since in the non-gravitational field, 
movements of an astronaut rely on the arms. In view of these 
advantages, it is necessary to design an optimal CS for 
single-hand suspension.                 
Another downside found in previous studies is that 
researchers in the past often simplified their DS by dismissing 
some irrelevant DoF. Their purpose was to speed up 
mathematical calculation. However, the motions simulated by 
the simplified DS would be less elaborate and realistic. To 
enhance the quality, the researcher in this study designed a 
dynamic system with 38 DoF.                       
The single-hand suspension motion involves the movements 
of some body joints. Generally, there are various trajectories 
for moving a joint from its angular position in the initial state to 
the angular position in the final state. In this study, the 
researcher tried to make trajectory planning, whose purpose 
was to find the OT for moving a joint. Several steps are to be 
taken in the trajectory planning. First, this study adopted the 
DS proposed by Fu, Gonzalez and Lee [9]. Also used in this 
study was CH-7T proposed by Chiu [1,10-15]. Second, the 
segment parameters presented by Zatsiorsky and Seluyanov [4] 
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was applied to a 15-segment HBM, which was defined in this 
study as a dynamic system with 38 DoFs. These DoF acted as 
variables of this DS. Next, the OLLQC was used to transform 
LEE of motion into the linear state-space (LSS) of a CS 
[10-15]. Finally, with the established BC and the principle of 
MEE, the OT for single-hand suspension motion was 
simulated.    
 
Materials and Methods 
The establishment of HBM was based on the segment 
parameters proposed by Zatsiorsky et al.[4] (Fig. 1a). The 
symbols in Figure 1a were defined as: Bi ( i=1,…,15) , body 
segments; Oi ( i=1,…,14) , joints; li , segment lengths; s1 , the 
length from right hip point to the central point of two hips; s2 , 
the length from left hip point to the central point of two hips; 
s3 , the central point of the right shoulder joint to the central 
point of two shoulder joints; s4 , the central point of left 
shoulder joint to the central point of two shoulder joints; s5 , the 
central point of two shoulder joints to neck joint. In Figure 1b, 
pi = ( iii z,y,x )T ; pi , the translation from the origin of the ith 
link coordinate frame relative to the i-1th link coordinate 
frame(CF); ir , the center of mass (CoM) vector for a certain 
segment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Human body model. 
 
 
A coordinate system on one’s right hand was established 
(Fig.1a). The origin of this coordinate system was represented 
with (x0, y0, z0). Complying with the structure of human body 
joints, the DS designed in this study was set to be composed of 
38 degrees of freedom. The 38 DoFs acted as the variables of 
this system, and each DoF involved a CF. According to Fu et al. 
[9] , LEE can be written as: 
iτ =∑
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where:  
iq  =generalized coordinate 
iq&  =generalized velocity 
iq&&  =generalized acceleration 
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i-1Ai 
=homogeneous transformation matrix (HTM) of the ith CF 
relative to the i-1th CF 
0Ai =HTM from 0 CF to the ith CF; 0Ai=0A11A22A3… i-1Ai 
ijW  ji0 qA ∂=∂ / (i,j,k=1,2,3,…,38) 
ijkW  kij qW ∂∂= / (i,j,k=1,2,3,…,38) 
g  =[0,0,-|g|,0], g=9.8062 m/s2 
mj = the mass of the jth link (Appendix A) 
rj =the CoM for the ith segment ; ( ix , iy , iz ,1)T  
Jj = pseudo-inertia matrix (Appendix A) 
 
Table 1. Variables qi and forms of i-1Ai 
 forms of i-1Ai Description 
q 1  0A1 =Tt-x,q Translation of right hand B1 relative to the base coordinate system  
q 2  1A2 =Tt-y,q    
q 3  2A3 =Tt-z,q    
q 4  3A4  =Ty,q 
Rotation of right hand B1 relative to the base coordinate 
System 
q 5  4A5 =Tz,q     
q 6  5A6 =Tx,q     
q 7  6A7 =Ty,q  Rotation of right forearmB2 relative to right hand B1 
q 8  7A8 =Tx,q     
q 9  8A9 =Ty,q  Rotation of right upper arm B3 relative to right forearm B2 
q 10  9A10 =Tz,q    
q 11 10A11 =Ty,q  Rotation of upper trunk B5 relative to right upper arm B3 
q 12 11A12 =Tx,q     
q 13 12A13 =Tz,q     
q 14 13A14 =Ty,q  Rotation of lower trunk B6 relative to upper trunk B5 
q 15 14A15 =Tz,q     
q 16 15A16 =Tx,q     
q 17 16A17 =Ty,q  Rotation of right thigh B10 relative to lower trunk B6 
q 18 17A18 =Tx,q     
q 19 18A19 =Tz,q     
q 20 19A20 =Tx,q  Rotation of right shank B11 relative to right thigh B10 
q 21 20A21 =Ty,q  Rotation of right foot B12 relative to right shank B11 
q 22 21A22 =Tz,q   
q 23 22A23 =Ty,q  Rotation of left thigh B13 relative to lower trunk B6 
q 24 23A24 =Tx,q   
q 25 24A25 =Tz,q     
q 26 25A26 =Ty,q  Rotation of left shank B14 relative to left thigh B13 
q 27 26A27 =Ty,q  Rotation of left foot B15 relative to left shank B14 
q 28 27A28 =Tz,q     
q 29 28A29 =Ty,q  Rotation of left upper arm B7 relative to upper trunk B5 
q 30 29A30 =Tx,q     
q 31 30A31 =Tz,q     
q 32 31A32 =Ty,q  Rotation of left forearm B8 relative to left upper arm B7 
q 33 32A33 =Tz,q     
q 34 33A34 =Ty,q  Rotation of left hand B9 relative to left forearm B8 
q 35 34A35 =Tz,q     
q 36 35A36 =Ty,q  Rotation of the head B4 relative to upper trunk B5 
q 37 36A37 =Tz,q     
q 38 37A38 =Tx,q     
 
 
The above LEE of motion could be written in a matrix form 
as [16-17]:  
τ =M( q ) q&& +V( q , q& )+G( q )                      (2)  
Symbols in Eq. 2 were defined as τ = [τ1, τ2,…, τ38 ]T, a 
38×1 generalized torque vector ; q =[ 1q  , 2q ,…, 38q ]T a 
38×1 vector of the joint variable ; q& =[ 1q& , 2q& ,…, 38q& ]T, a 
38×1 vector of the joint velocity ; q&& =[ 1q&& , 2q&& ,.., 38q&& ]T, a 
38×1 vector of the acceleration; M( q ), a 38×38 inertial 
acceleration; V( q , q& ), a 38×1 nonlinear Coriolis and 
centrifugal force vector; G( q ), a 38×1 gravity loading force 
vector. The power Pi was the product of generalized force 
multiplied by generalized velocity [18]; therefore, Pi could be 
written as iii qτ &=P  (i= 1,2,3,…,38). 
Eq.3 to Eq.11 showed the HTM used in this study. These 
matrices were derived from CH-7T proposed by Chiu 
[1,10-15]. In the basic rotation matrices, qi represented 
generalized coordinates, and it was assumed that cqi＝cosqi, sqi
＝sinqi. There were seven types in HTM: the first type, i-1Ai＝
Tx,q; the second type, i-1Ai＝Ty,q; the third type, i-1Ai＝Tz,q; the 
fourth type, i-1Ai＝Tt-x,q; the fifth type, i-1Ai＝Tt-y,q; the sixth 
type, i-1Ai＝Tt-z,q; the seventh type, i-1Ai＝i-1Si (i referred to 
positive integers), which represented a 4×4 identity matrix. In 
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the matrix, pi = ( iii z,y,x )T, which represented the translation from the origin of the ith link CF relative to the i-1th link CF. 
 
Table 2. Homogeneous transformation of 0Ai 
i ix  iy  iz  
    
0Ai    Transformation  
1 - - - 0A1=0A1  
Transformation of right hand B1 relative to the base 
coordinate frame  
2 - - - 0A2=0A2  
3 - - - 0A3=0A3  
4 0 0 0 0A4=0A4  
5 0 0 0 0A5=0A5  
6 0 0 -l1 0A6=0A6  
7 0 0 0 0A7=0A7  
Transformation of right forearm B2 relative to the base 
coordinate frame 
8 0 0 -l2 0A8=0A8  
9 0 0 -l3 0A9=0A9 
Transformation of right upper arm B3 relative to the base 
coordinate system 
    
 
10 0 0 0 0A10=0A10  
11 0 0 0 0A11=0A11 
Transformation of upper trunk B5 relative to the base 
coordinate frame 
12 0 0 0 0A12=0A12    
13 12x   12y  12z  0A13=0A13  
14 0 0 0 0A14=0A14 
Transformation of lower trunk B6 relative to the base 
coordinate frame 
  
 
15 0 0 0 0A15=0A15  
16 16x  16y  16z  0A16=0A16  
17 0 0 0 0A17=0A17 
Transformation of right thigh B10 relative to the base 
coordinate frame 
18 0 0 0 0A18=0A18  
19 0 0 -l 10 0A19=0A19  
20 0 0 -l 11 0A20=0A20 
Transformation of right shank B11 relative to the base 
coordinate frame 
21 0 0 0 0A21=0A21 
Transformation of right foot B12 relative to the base 
coordinate frame  
22 l 12 0 0 0A22=0A22   
23 0 0 0 0A23=0A1616S22 22A23 
Transformation of left thigh B13 relative to the base 
coordinate frame  
24 0 0 0 0A24=0A1616S22 22A 24  
25 0 0 -l 13 0A25=0A1616S22 22A 25  
26 0 0 - l14 0A26=0A1616S22 22A 26 
Transformation of left shank B14 relative to the base 
coordinate frame 
27 0 0 0 0A27=0A1616S22 22A 27 
Transformation of left foot B15 relative to the base coordinate 
frame  
28 l15 0 0 0A28=0A1616S22 22A 28  
29 0 0 0 0A29=0A1313S28 28A 29 
Transformation of left upper arm B7 relative to the base 
coordinate frame  
30 0 0 0 0A30=0A1313S28 28 A 30  
31 0 0 - l7 0A31=0A1313S28 28A31  
32 0 0 0 0A32=0A1313S28 28 A 32   
Transformation of left forearm B8 relative to the base 
coordinate frame  
33 0 0 - l8 0A33=0A1313S28 28 A 33  
34 0 0 0 0A34=0A1313S28 28 A 34 
Transformation of left hand B9 relative to the base coordinate 
frame  
35 0 0 - l9 0A35=0A1313S28 28 A 35  
36 0 0 0 0A36=0A1313S35 35 A 36 
Transformation of the head B4 relative 
to the base coordinate frame  
37 0 0 0 0A37=0A1313S35 35 A37  
38 0 0  l 4 0A38=0A1313S35 35 A38  
       - means that i-1Ai had no position vector  pi. In 0Ai, when i=1,…..,28, vector p13 =[0, S3,-(l5-S5)] links the B3 and B5 joint. In 0Ai, 
when i=29,…, 35, vector p13 =[0, S3+S4, 0] links the B3 and B7 joint. In 0A i, when i=36,…, 38, vector p13=[0, S3, S5] links the B3 
and B4 joint. In 0Ai, when i=17,…, 22, vector p16=[0,-S1, -l6] links the B6 and B10 joint. In 0Ai, when i=1,…,28, vector p16=[0, S2, 
-l6] links the B6 and B13 joint. 
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mSn = mSm+1 m+1Sm+2…… n-2Sn-1 n-1Sn  
(m and n are positive integers, and n>m)
                     
 
 
The designed DS had 38 DoFs (Fig.1). The homogeneous 
transformation from the OXoYoZo base CF to each segment 
was defined in Table 1. Table 2 presented the homogeneous 
transformation 0Ai of each segment relative to the base CF 
OXoYoZo. The Lagrange-Euler DS established in this study 
was then transformed into the LSS of a CS [12-16]. In the LSS, 
the state variables for positions and velocities could be defined 
as:  
x = [ Tq  , Tq& ]T                                  (11) 
In Eq.11, qT was defined as the position vector and q& T as 
the velocity vector. The LSS of the CS (x∈ R76) could be 
written as:  
x& = BuAxuI
0
x
00
I0
+=





+





                 (12) 
In Eq. 12, I was a 38 × 38 identity matrix, and u represented 
the control vector[ 1q&& , 2q&& ,.., 38q&& ]T, as well as the acceleration 
input in this DS. 
  U=-M-1( q )[ V( q , q& )+G( q )] +M-1 ( q )τ          (13)               
The OLLQC was adopted as the control method in this DS. 
The process of performing the suspension motion was divided 
into two time points. The first time point was defined as t1 with 
x(t1) as the initial state. The second time point was defined as t2 
with x(t2) as the final state. The state variables of the two time 
points, x(t1)and x(t2), were known to be BC. J, the cost function 
of the MEE, could be written as (Lewis et al., 1995)： 
Jmin= ∫
1
0
t
t
2
1
uTRu dt                               (14) 
R represented a symmetric matrix, and it was hypothesized 
that R=[I].  
According to OLLQC [17], The solution to the 
fix-final-state control problem may be derived as follow. The 
Hamiltonian is 
) ()( BuAxRuu
2
1
tH TT ++= λ                ( 15 )             
where n)( Rtλ ∈  is an undetermined multiplier. The state 
and costate equations are 
BuAxHx +=
∂
∂
= λ
&
                     ( 16)                           
TA
x
H λλ =
∂
∂
=−
&
                     ( 17)                           
and the stationarity condition is 
λTBRu
u
H0 +=
∂
∂
=
                   ( 18)                            
Finally, Eq.(5-7) were adopted to find out the optimal 
control *u  and the optimal trajectory *x . 
After designing the above algorithm, the researcher 
measured the segment lengths li of a male subject, who was 
164 cm in height and 60 kg in weight. Next, applying the 
parameters proposed by Zatsiorsky and Seluyanov [4], this 
study calculated for each segment their individual mass, inertia, 
and ir , the CoM vector. The translation pi from the origin of 
the ith link CF relative to the i-1th link CF was also calculated. 
Finally, the researcher used the computer language C++ to 
design a software. The software was adopted to simulate the 
OT for the single-hand suspension of the subject, which aimed 
to confirm the practicability of the mathematical model.  
 
Data Collection 
According to the algorithm of optimal control (OC), the BC 
for controlled joint axes must be established before the 
calculation of OT(appendix B,Table 3), moment, and power 
for joint axes. The angular position for the subject’s right hand 
grasping a horizontal bar on the X-axis was represented with 
q6, and q6 ∈ [-16∘, -16∘];  q12 , the angular position for 
right shoulder joint on the X-axis, and q12 ∈ [ 16∘, 16∘]; 
q17 , the angular position for right hip joint on the Y-axis, and 
q17 ∈  [ 0∘, -85∘]; q23 , the angular position for left hip 
joint on the Y-axis, and q23 ∈  [ 0∘, 75∘]; q21 , the angular 
position for right ankle joint on the Y-axis, and q21 ∈  [ 0∘, 
45∘]; q27 , the angular position for left ankle joint on the 
Y-axis, and q27 ∈ [ 0∘,60∘]; q29 , the angular position for left 
shoulder joint on the Y-axis, and q29 ∈ [ 0∘,-90∘]. The other 
boundary conditions such as position vectors and velocity 
vectors were assumed to be 0 .  
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Results 
The suspension movement simulated in this study was 
designed by the researcher. The subject was required to 
suspend with his right hand holding on to the flying ring. Then 
within a second, both legs and the left arm were lifted until 
they stayed horizontal. With established BCs and the time limit 
of one second, the suspension motion was simulated through a 
computer. The trajectory for the simulated motion was 
calculated and then the OT was attained (Fig.2). In the initial 
state of the simulated motion, t1=0 sec, and the subject was 
suspending with one hand (Fig. 2a). In the final state, t2=1sec, 
and both the subject’s legs and the left leg reached the 
horizontal position (Fig. 2f).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
   
 
 
 
 
Figure 2.  Simulation of the OT was divided into six phases. The interval between two continuous phases was 0.4sec. Phase (a) represented 
the initial state. Phase (f) represented the final state. The whole process took 1.0sec. 
 
The OTs simulated for right hip joint, right ankle joint, left 
hip joint, left ankle joint, and left shoulder were presented 
individually (Fig. 3a). Other related data included the power 
output for each controlled axis (Fig. 3c), and the loaded 
moment for each controlled joint axis was shown (Fig. 3b). 
 
Discussion 
The human body structure is very complicated, since 
segments are connected to each other in different ways. 
Generally, there are single kinetic chain structure and 
multi-kinetic chains structure [1,11-15]. Take the kinetic chain 
structure for the suspension of one hand as an example (fig.1a 
& fig.1b). When the subject holds on to the flying ring with his 
right hand, then his right hand B1, right forearm B2, and right 
upper arm B3 form a single-link structure. Conversely, his right 
shoulder comprises multi-link structure. There are four kinetic 
chains connecting right shoulder with other segments. The first 
kinetic chain consists of upper trunk B6, lower trunk B5, right 
thigh B10, right shank B11, and right foot B12. The second 
kinetic chain includes upper trunk B6, lower trunk B5, right 
thigh B13, right shank B14, and right foot B15. The third kinetic 
chain comprises upper trunk B6, right upper arm B7, right 
forearm B8, right hand B9. The fourth kinetic chain extend 
from upper trunk B6  to the head B4.  
When the subject’s right hand grasped the flying ring, six 
DoFs (q1 to q6) were involved (Fig.1a-b).  Among them, q1, 
q2 and q3 are translation parameters, while q4, q5, and q6 are 
rotation parameters. The right shoulder is categorized as a 
branching body. In 0Ai, when i=1,…..,28, elements of vector 
p13 were defined as: x13=0, y13= S3 , z13 =-( l 5 -S5 ), which 
function as the connection between the right shoulder and the 
waist. In 0Ai, when i=29,…,35, elements of vector p13 were 
defined as: x13=0，y13= S3 +S4，z13 =0, which connect right 
shoulder with left shoulder. In 0Ai, when i=36,…,38, elements 
of vector p13 were defined as: x13=0,y13= S3 , z13 = S5, which 
connect right shoulder with the neck. The waist joint is also 
categorized as a branching body. In0Ai, when i=17,…,22, 
elements of vector p16 were defined as: x16=0，y16=- S 1，z16 = 
-l6, which connect the waist and right hip joint. In 0Ai, when 
i=23,…,28, elements of vector p16 were defined as: x16=0，
y16= S 2，z16 =-l6, which connect the waist with left hip joint.  
The BC of this CS referred to the positions and velocities of 
a certain joint in its initial and final states. The control values 
of the OT were obtained from minimizing acceleration. The 
OT for each of the five joints was presented (Fig.3a): right hip 
International Journal of Sport and Exercise Science, 1(3): 59-68 65 
joint, L-Hi(Y); the right ankle joint, R-ankle(Y); left hip joint, 
L-hip(Y); left ankle joint, L-ankle(Y); left shoulder joint, 
L-sh(Y). The five resulting curves were smooth with no peak 
value (Fig.3a), which demonstrated the practicability of this 
system.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. (a) Simulation of the OT for each of the five joints. q17 : 
the angular position for right hip joint on the Y-axis, 
R-hip(Y);  q21 : the angular position for right ankle joint 
on the Y-axis, R-ankle(Y); q23 : the angular position for 
left hip joint on the Y-axis, L-hip(Y); q27 : the angular 
position for left ankle joint on the Y-axis, L-ankle(Y); 
q29 : the angular position for left shoulder joint on the 
Y-axis, L-sh(Y). Figure 3 (b) presented the loaded 
moment for each controlled joint axis. Figure 3 (c) 
presented the power output for each controlled joint 
axis[14]. 
 
The trajectory for a moving joint from its initial state to its 
final state results from the moment produced by muscle 
contraction. The moment leads to the motion path for a joint 
axis (q, q& , q&& ). Consequently, the moment is considered the 
driving force for the rotation of a joint. The loaded moment for 
each of the controlled joints was presented with a graph 
(Fig.3b). Left hip and right hip were loaded with the largest 
moment; shoulder joint with the second largest moment, while 
left ankle and right ankle were loaded with the smallest 
moment. The primary reason for the result was that different 
joints are loaded with different weights and inertias. The 
output power of each joint was also presented with a graph 
(Fig.3c). The output power of a certain joint is determined by 
the product of the joint’s angular velocity multiplied by its 
moment. It was found that left hip released the largest power, 
the shoulder joints released the second largest power, while left 
ankle and right ankle released the smaller power.  
The OLLQC was adopted in this study as the control 
method. The state variables of the initial state and the final 
state acted as the established BC [17]. The cost function J of 
the MEE could be written as [11-15,19]: 
 
Jmin= ∫
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t
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TRu1 dt+ ∫
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TRu2 dt+ …+ ∫
+1
2
1
tn
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un
TRun dt  
n=1,2,3…                                    (19) 
To explore the issue on the continuous movements in 
performing a motion, this study suggests the use of sectional 
OC. The way to achieve sectional OC is to set more time 
points in simulating a motion. Linking the sectional 
movements can form a complete trajectory. Setting appropriate 
boundary conditions is necessary, too. The BC for these time 
points can be found from the real performance of a motion. 
With BC set appropriately, the simulated OT can better 
represent real human motions.  
In recent years, some researchers have attempted to develop 
a multilink system. Their success lies in the advance of 
computer hardware and numerical methods. The advance in 
technology solved the problem of slow calculation speed. 
Following the trend, this study was also conducted with 
computer hardware and numerical methods. The research 
method can make some contributions in the following aspects: 
(1) the design of the DS for single-hand suspension can be 
applied to gymnastics such as those done with flying rings or 
the horizontal bar, or rock climbing; (2) the algorithm of this 
study is capable of transforming the DS into a CS, which can 
be used to simulate the OT for a certain moving joint while 
complying with the principle of MEE.  
 
Appendix   A  
The Ji matrix of L-E equations could be written as followed 
[9] : 

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J (16) 
The parameters for body segments in Ji matrix comprised 
the mass mi , center of mass position ir =( iii z,y,x ,1)T , 
moment of inertia (Ixx, Iyy, Izz), and products of inertia (Ixy , 
Ixz, Iyz) for the ith segment. 
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Appendix B 
Table 3.  The subject's segment parameters, the initial state x ( t 0 ) ,  a nd  the  f in a l  s t a t e  x ( t f ) .  
  pi(m)   ri(m)       Ii(kgm2)    x(t0) x(tf) 
i ix
 iy  iz  ix  iy  iz  mi(kg) I1 I2 I3 I4 I5 I6 I7 I8 I9 qi q& i  qi q& i 
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  0 0 
2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  0 0 
3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  0 0 
4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  0 0 
5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  0 0 
6 0 0 -0.19 0 0 0.070 0.37 .0124 0 0 0 0 0.0004 0 0 0 -16 0  -16 0 
7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  0 0 
8 0 0 -0.235 0 0 0.100 0.96 .0028 0.0003 0 0 0 0.0007 0 0 0 0 0  0 0 
9 0 0 0 0 0 0 0 .0214 0 0 0 0 0 0 0 0 0 0  0 0 
10 0 0 -0.28 0 0 0.126 1.62 0 0.0009 0 0 0 0.0021 0 0 0 0 0  0 0 
11 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  0 0 
12 0 0 0 0 0 0 0 .0238 0 0 0 0 0 0 0 0 16 0  16 0 
13 0 0.1675 -0.3 0 0 0.147 19.37 0 0.0402 0 0 0 0.696 -0.4959 0 -0.4959 0 0  0 0 
14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  0 0 
15 0 0 0 0 0 0 0 .0214 0 0 0 0 0 0 0 0 0 0  0 0 
16 0 -0.11 -0.14 0 0.11 0.039 6.70 .0028 0.015 0 0 0 0.0233 0 0 0 0 0  0 0 
17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  -85 0 
18 0 0 0 0 0 0 0 .0093 0 0 0 0 0 0 0 0 0 0  0 0 
19 0 0 -0.41 0 0 0.224 8.50 0 0.014 0 0 0 0.0151 0 0 0 0 0  0 0 
20 0 0 -0.39 0 0 0.232 2.60 0 0.0015 0 0 0 0.0032 0 0 0 0 0  0 0 
21 0 0 0 0 0 0 0 .0562 0 0 0 0 0 0 0 0 0 0  45 0 
22 0.2 0 0 -0.08 0 0 0.82 0 0.0129 0 0 0 0.0005 0 0 0 0 0  0 0 
23 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  75 0 
24 0 0 0 0 0 0 0 .0114 0 0 0 0 0 0 0 0 0 0  0 0 
25 0 0 -0.41 0 0 0.224 8.50 0 0.014 0 0 0 0.0151 0 0 0 0 0  0 0 
26 0 0 -0.39 0 0 0.232 2.60 0 0.0015 0 0 0 0.0032 0 0 0 0 0  0 0 
27 0 0 0 0 0 0 0 .0013 0 0 0 0 0 0 0 0 0 0  60 0 
28 0.2 0 0 -0.08 0 0 0.82 0 0.0129 0 0 0 0.0005 0 0 0 0 0  0 0 
29 0 0 0 0 0 0 0 .0004 0 0 0 0 0 0 0 0 0 0  -90 0 
30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  0 0 
31 0 0 -0.28 0 0 0.154 1.62 .0001 0.0009 0 0 0 0.0021 0 0 0 0 0  0 0 
32 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  0 0 
33 0 0 -0.235 0 0 0.135 0.98 0 0.0003 0 0 0 0.0007 0 0 0 0 0  0 0 
34 0 0 0 0 0 0 0 .0013 0 0 0 0 0 0 0 0 0 0  0 0 
35 0 0 -0.19 0 0 0.110 0.37 0 0 0 0 0 0.0004 0 0 0 0 0  0 0 
36 0 0 0 0 0 0 0 .0004 0 0 0 0 0 0 0 0 0 0  0 0 
37 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  0 0 
38 0 0 0.28 0 0 -0.140 4.16 .0001 0.0097 0 0 0 0.0081 0 0 0 0 0  0 0 
In 0Ai , when i=1,…..,28; p13=[0, 0.168,-0.3]. In0Ai when i=29,…,35; p13=[0, 0.335,0]. In0Ai when i=36,…,38; p13=[0, 0.165, 0.06]. In 0Ai when 
i=17,… ,22,  p16=[0, -0.11, 0.14]. In 0Ai when i=23,…,28,  p16=[0, 0.11, -0.14]. I 1 = (-I xx + I yy  + I zz )/2, I2 = I xy, I 3 = I xz, I 4 =I xy, I5 = (I xx-I 
yy + I zz )/2, I 6 = I yz,  I 7 = I xz, I 8 = I yz,  I 9 = (I xx + I yy - I zz )/2. 
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